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The soft-x-ray appearance potential spectra were measured for La and Ce in the 0-1400&V range. The jd and
4d spectra exhibited prominent structure, which is discussed along with x-ray absorption and emission data.
The excited electron and the core hole interact strongly, and there is evidence for additional interaction with
the projectile electron, The two-density-of-states model of Wendin seems promising for explaining the spectra,
but it must be extended to allow for the interaction of the projectile electron with the excited atom. The
effects of oxidation are described.
I. INTRODUCTION
Soft-x-ray appearance potential spectroscopy
(SXAPS) has been developed for studying the elec-
tronic configuration and composition of solid sur-
faces. Briefly, one measures the derivative of the
total x-ray fluorescence yield induced by electron
bombardment of the surface of the sample. The
theory most often cited to describe SXAPS line
shapes was originally suggested by Dev and Brink-
man, ' and further developed by Houston a,nd Park'
to relate the mea. sured SXAPS signals to the self-
convolution of the one-electron density of states
above the Fermi level E~. This theory worked
quite well for the 3d transition metals' and some
of the simple metals. "As the technique became
more popular, and the types of materials studied
increased, discrepancies between theory and ex-
periment appeared for rare earths, ' " light ele-
ments, ""and 4d transition metals. ""A recent
review" gives a thorough development of the one-
electron theory for SXAPS and an extensive sum-
mary of its successes and failures. The funda-
mental reason for the breakdown of this theory is
the inadequacy of the assumption that the excited
core electron and the scattered projectile electron
occupy spatially extended states in the conduction
band. For the rare earths, the excited core elec-
tron may occupy a 4f orbital which is quite local-
ized about the excited ion. For such materials,
Wendin" has suggested a model for SXAPS incor-
porating two densities of states, one for the scat-
tered projectile electron and one for the excited ion
with an electron-hole pair. Qne or both of these
may contain highly localized states.
We initially chose SXAPS as a means of studying
evaporated I a films with the hope of locating the
position of the 4f states above E~ using the one-
electron theory cited above. This question had not
been answered using other spectroscopic methods
and is of interest particularly in superconductiv-
ity.""Measurements of the bremsstrahlung
isochromat spectrum of La and Ce (Refs. 21, 22)
have provided the best available estimate of the
position of the 4f states relative to the Fermi level.
These results did not completely clarify all the
complexities of the SXAPS data.
In Sec. II we describe the spectrometer used in
this work and show typical I.a and Ce spectra ob-
tained with this instrument. We found, as have
other workers"" that our results were closely
related to soft-x-ray absorption (SXA) data. For
both La and Ce we find that portions of the individ-
ual 3d and 4d core excitation line shapes are sim-
ilar to du/dE, where n is the absorption coeffi-
cient, while other models, such as the two-density-
of-states model, "are needed to explain other
portions of the spectra. Sec. III presents our data
and an interpretation based on the results from
SXA and bremsstrahlung isochromat experiments.
We point out some similarities between the SXA
and SXAPS techniques which we feel are respon-
sible for the rather simple relationship between
the measured results of the two techniques. We
also discuss the effects of contamination on the
spectra of these reactive metals.
II. EXPERIMENTAL CONSIDERATIONS
In a typical SXAPS experiment, x-ray fluores-
cence of a target material is excited by electron
bombardment. A wire mesh at ground potential
electrically isolates the electron source and target
from the detection apparatus. The x rays from the
target pass through the mesh and strike a photo-
cathode. The resulting photoelectrons are col-
lected by a positively biased pin. This current is
then measured as the electron beam energy is
swept through the region of threshold excitation for
a particular core level. Since the total x-ray yield,
and thus the photocurrent, is the sum of the intense
bremsstrahlung continuum and the weaker charac-
teristic x rays due to radiative decay of the core
hole, a derivative of the total yield is often mea-
SMITH, PIACENTINI, WOLF, AND LYNCH 14
sured to enhance the abrupt stx ucture in the
threshold region. This derivative can be obtained
using the potential modulation technique" as was
done here, or numerically, "when the signal-to-
noise ratio permits.
The vacuum system" was based on two 1--in.2
crosses and one tee. It permitted evaporation of
samples through baffles to keep the cathode and
detector uncontaminated. Basepressures of Bx10 "
Torr were achieved. During sample evaporation
the pressure could be held below 10 ' Torr and
within a few minutes later, an experimental run
could be made in the low 10 "-Torr range.
The compact x-ray detector is based on the de-
sign of Musket and Taatjes" while the circuit is
similar to that of Houston and Park " No prefil-
tering or preamplification other than that of the
lock-in amplifier itself was used. Since the rare-
earth materials studied give very strong signals,
noise limitations were not much of a problem with
this detection scheme. Using modulation voltages
of about 0.3 V peak to peak the sharpest features
observed had a full width of about 1 eV, which
places an upper limit on our resolution.
The calibration of the incident electron energy
relative to the target Fermi level is given" by E
= eV+ e P+ 2k T. Here V is the applied accelerating
potential, e is the electron charge, (t) is the work
function of the tungsten emitter (4.52 eV), and
2jpT is an average kinetic energy of the electrons
leaving the filament at temperature T'. We have
added a total of 5 eV to our recorded data to ob-
tain the results presented below. The modulation
amplitude as introduced here does not add to the
average energy of the electron but it can have an
effect on the data analysis when trying to deter-
mine excitation threshold energies. The contro-
versy over determining binding energies by SXAPS
is not settled, "'but with the small modulation
amplitudes used hexe lt ls not a major considera-
tion. The La and Ca films were evaporated from
a tungsten basket. The source materials, sup-
plied by the Ames Laboratory, were spectroscop-
ically checked for purity and found to contain less
than 1 ppm of most metalic elements, the largest
impurity concentrations being Pr (15 ppm) and Gd
(10 ppm). The materials were electropolished
just prior to insertion into the vacuum. In spite
of these precautions, the films still showed evi-
dence of contamination when evaporated and mea-
sured at pressures near 10 ' Torr (see later).
Usually, after a few evaporations below 10 '
Torr, the spectra began to change, presumably
due to the depletion of the outer contaminated layer
of the source material. The early spectra, re-
corded at pressures below 10 ' Torr and before
this source purification occurred, resemble the
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contaminated-film results obtained at higher pres-
sures. After the source purification occurred, the
spectra recorded in the mid-10 "-Torr range
were reproducible for several hours after each
evapor ation.
Figure 1 shows the first-harmonic spectra of
La and Ce from 0 to 1400 eV. The vertical ar-
rows indicate the atomic cox e binding energies. "
The low-energy region is characterized by a
sloping background due primarily to space-charge-
limited beam current. A correction for this non-
constant background can be made and it is suffi-
cient to note that the peak positions are not shifted
significantly by this correction.
III. RESULTS AND DISCUSSION
A, La%45 region
In Fig. 2 we show the N, , region of the I.a spec-
trum. The dashed curve was obtained from our
first evaporations. After a few more evaporations
from the same source, the upper curve was ob-
tained and the spectra of contaminants diminished
so that no oxygen and negligible carbon were de-
tected. The results were confirmed by using a
freshly prepared piece of La, px esumably less
contaminated. The initial evaporation gave results
like the dashed curve of Fig. 2, but aftex only
three evaporations, spectra like the solid curve
were obtained. We could not identify the composi-
tion of the contaminated surfaces and, consequently,
whether we refer to the film as "oxide" or"
taminated, " we mean simply not a pure metal.
Similar spectra for the La N4, xegion have been
reported previously' "although the peaks A. , A'
and B,B' were not clearly resolved there. We also
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I & I I I I I j I I I I I
200 400 600 800 I GOO I 200 1400
ENERGY (eV)
FIG. 1. SXAPS results for La and Ce from 0 to 1400
eV. Becorded with an emission cuxrent density, j=2.8
X10 3 A/cm at 1200 V, modulation amplitude 0.75 V
peak to peak, time constant v'= 1 sec. The vertical ar-
rows mark the atomic core binding energies (Bef. 29) for
La, Ce, carbon, and oxygen.
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FIG. 2. SXAPS for the La N4 & region. The contami-
nated-film spectrum is from an earlier evaporation.
Conditions were the same as in Fig. 1, except 7'=300
msec here. The clean-film spectrum was obtained with-
in 10 min. after evaporation at a pressure of 5 &&10
Torr. The vertical dash marks the atomic N4 5 binding
energy2 and the arrows pointing down mark XPS peak
positions. 32 The axrows pointing up mark SXA peak posi-
tions. ' The error bar marks the noise level for a single
scan. Five scans wexe averaged. These spectra are on
a sloping backgxound, as shown in Fig. l.
resolve a steplike threshoM at 97.2 eV.
The derivative of the total x-ray yieM, Y„re-
sulting from bremsstrahlung and radiative decay
of the core hole, in the one-electron approxima-
tion, is given by"'
dl', dV~ d
dE dE, lE x(z -z, — )Ã(a)d ), (1)
where F~ is the bremsstrahlung yield, E, is the
energy of the core level with respect to E~, and
N(e) is the density of states above Er. In obtain-
ing Eq. (1) matrix elements are neglected. Within
the limits of these approximations, above the ex-
citation threshold energy E„ the soft x-ray ab-
sorption coefficient n(E), at energy h~=E, is pro-
portional to the density of empty states N(E —E,),
and substitution into Eq. (1) gives
dpi'
dpi'
g c
+ C — n (E —e )n (Eq + E' ) dE .
0
(2)
Thus using data from SXA experiments for n(E),
an SXAPS spectrum can be calculated and compared
with the actual spectrum. "
In Fig. 3 me shorn the clean La spectrum and the
absorption coefficient data of Rabe." We also show
the derivative of e broadened with a 0.5-eV half-
width Gaussian distribution, and the expected line
shape using Eq. (2) with E, =102.8 eV." As pre-
viously reported, "the latter does not agree with
FIG. 3. Comparison of SXAPS model calculations with
experiment for the La N4 5 region. The solid curve shows
our SXAPS while the dash-dot curve shows the S XA data
of Babe. 3~ The dotted line is deldE and the dashed line
is a calculation using the SXA data in our Eq. (2).
the measured spectrum. The failure of the one-
electron model also was observed by other groups
for the rare earths. "'" Qn the other hand,
dn/dE peaks in good agreement with our main peak
C. At higher energy, the SXAPS of the clean ma-
terial deviates from dn/dE, while the contami-
nated spectrum shows the dip around 120 eV and
the broad band above 130 eV as does dn/dE. The
low-energy structure in dn/dE is about 5 eV be-
low the corresponding peaks in the SXAPS data.
To a large extent me can explain for La the
breakdown of the self-convolution model of Eq. (1)
and the partial resemblance to the dn/dE spec-
trum. For the light rare earths"'~ "the SXA
data shorn several small, very sharp lines below
the expected 4d excitation threshold, and a very
broad band, some 10-20 eV wide, above threshold.
These results have been interpreted"~' as being
due to a dipole transition of the type 4d"4f"
-4da4f"". Several arguments support this as-
signment. ~ The one-electron wave function for
the lowest-energy 4f orbital of La (Ref. 43) is
bound inside the centrifugal potential barrier and
greatly overlaps the 4d wave function. Since the
higher-energy f orbitals are not bound by this bar-
rier, most of the absorption strength from the 4d
shell mill go into transitions to the 4f shell. Sec-
ond, because of the large overlap of the 4d and 4f
mave functions, the exchange interaction between
the 4d core hole and the 4f"" configuration is
strong. This interaction splits the final-state con-
figuration into a multiplet spread over 20 eV.
Some of the levels are pushed below the ionization
threshold mhile others are pushed far above it.
Most of the d to f oscillator strength goes into the
latter terms of the configuration, which then auto-
3422 SMITH, PIACENTINI, WOLF, AND LYNCH 14
ionize to the configuration 4d'4f e f, where ef is
a continuum state. The strength of the broad peak
above threshold is observed to decrease as the 4f
shell is filled. The states below threshold are re-
sponsible for the sharp lines observed in SXA,
many of which are too closely spaced to be re-
solved by SXAPS, as will be seen in our Ce re-
sults. Calculations based on these arguments have
been made using an L-S coupling scheme for the
tripositive ions."""'"The agreement with SXA
for metallic solids is remarkably good. This is
perhaps not unexpected, however, since the rele-
vant transitions are shielded from their environ-
ment by the centrifugal potential barrier and the
outer shells. Furthermore, studies of the rare-
earth compounds reveal very similar SXA spec-
tra,"and, in fact, we have measured the SXAPS
of LaF, and it also resembles the La metal spec-
trum. " An interpretation of SXAPS line shapes in
terms of atomiclike transitions, including exchange
interaction, rather than in terms of continuous
interband transitions, invalidates the assumptions
on which the one-electron model is based. Final-
state interactions cannot be neglected.
We also can understand to some extent the re-
semblance of du/dE to the SXAPS spectrum. For
high incident-electron energies, the inelastic
scattering probability for electrons in a solid often
is described using a dielectric description of the
solid. 4' Here, the electron-energy-loss spectrum
is related to the complex dielectric function Z =E'y
+ i e, of the material via the loss function
Im[-I/e(q, AE)], where Sq is the momentum
transfer and &E =-h~ is the energy loss of the
transmitted electron. The energy loss probability
is given by"
P(&E, 6) ~ Im[-I/e (q, &E)] = e, /(e', + e', ) .
For small scattering angles 6, we consider the
limit of small momentum transfer and replace
e(q, dE) by the optical dielectric function e(0, e)
= (n+ ik)'. Above 50 eV we have k«n=1, so that
e, «~, =1 and
U)
Z
La
or electron-energy-loss measurements. We con-
sider the following picture due to Wendin. " Let
the initial state of the system consist of the crys-
tal ground state and the state of the projectile
electron. We then treat the excitation as a two-
step process. We first excite the core electron,
forming an excited state of the A-particle system
with an electron-hole pair on a certain ion, as in
an SXA experiment. We then add the projectile
electron to the crystal without interaction with the
electron-hole pair, forming an (N+1)-particle
system. Because the two processes are treated
independently, the total probability will be the
product of the two single probabilities. For the
projectile electron this will be proportional to the
conduction-band density of states. We choose to
represent it with the bremsstrahlung isochromat
spectrum. For the core electron we approximate
the transition probability with n(E) The c. onvolu-
tion integral of Eq. (1) then becomes
dY d ~EcN(E -E —e)o.(E +e) de .dE dE C C
We evaluated Eq. (3) for the N~, region of La,
using the bremsstrahlung isochromat spectrum of
Liefeld et al."and the SXA data of Ref. 31. The
spectrum thus obtained is compared with the ex-
perimental one in Fig. 4. Structures A, B, and D
are reproduced. The reason for the 5-eV shift
between the lowest-energy peaks in SXA and SXAPS
is now clear. When a particular term of the La"
4d'4f' configuration is excited with fixed energy
E„ the scattered noninteracting projectile elec-
tron scans through the (N+1)-particle density of
states. Since the multiplets in u(E) below the con-
tinuum edge are quite sharp, we then measure
dN/dE This gives . the peak about 5 eV above
threshold in the SXAPS spectrum. We interpret
the step at 97.2 eV as the excitation energy E, for
1lim P(nE, 8) ~ ), n(&E) .a o+
The agreement of electron-energy-loss and SXA
data is quite good for the rare earths studied by
Trebbia and Colliex. 4' We thus have reason to ex-
pect some agreement between SXAPS, which in a
sense measures the derivative of P(nE, 8) and
dn/dE ~' 8 For L.a, both curves have a strong
broad band peaking near 115 eV.
We are still faced, however, with the presence
of the extra electron in SXAPS which is not pres-
ent in the final-state configuration of either SXA
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FIG. 4. Comparison of the La N4 5 SXAPS (dashed
curve) with the two-density-of-states model calculations
(solid curve).
SOFT-X-RAY APPEARANCE POTENTIAL SPECTRA OF La. .
the 'P, state, " in agx cement with SXA." This is
followed by the paix" of structures A. and A' at
101.4{&E=4.2 eV) and 102.7 eV {4E=5.5 eV).
Peak A. should correspond to the peak in the
bremsstrahlung isochromat spectrum arising
from pI'efeI'entIRl scattering into 4f stRtes (see
below). The threshold for the 'D, term should be
at l01.3 eV, but is obscured by peaks A, A'. The
peaks 8,8' occur at 105.5 (&E =4.1 eV) and 106.9
eV (nE = 5.6 eV), respectively. The symmetry of
A, A' and 8,8' seems to rule out the possibility
that A. coxresponds to E, for the 'D, term, al-
though a 'D, threshold in this region, similar to
the one at 97.2 eV, may be responsible for the re-
duced resolution of A. and A'.
At higher energies, the optical oscillator
strength is almost exclusively in the 'P, reso-
nance. The excess energy is carried off, not by
the scattered projectile electron, but by the ex-
cited core electron, as in SXA, in the excitation
to the 4d 4f conf1guration whIch tllen Rutolonlzes
to the 4d'ef configuration. " Peak D could then be
a replica of the main peak C resulting from the
'I', resonance when the projectile electron has
sufficient energy to enter a 4f state and still ex-
cite the 'P, term. Qn the other hand, no replica
similar to peak D is found in the Ce N, , spectrum.
This will be discussed below. Qther explanations
have also been offered for the La@4, structure. '
To augment the picture, we must also consider
the case when the pxojectile electron is on the ex-
cited ion and interacting with it. The two-density-
of-states model is no longer appropriate and we
must consider the final-state configuration 4d'4f'.
This configuration is that corresponding to a tri-
positive Ce ion in the noninteracting scheme. The
Ce SXA shows much more structure below thresh-
old than is observed for La, as predicted by
atomic calculations, "~' and the SXAPS spectrum
of Ce shows more structure than that of La, In
SXAPS for La the nuclear charge is one less than
fox' Ce so that the number of multiplet terms pulled
below threshold could be reduced. We suggest that
the splitting A. , A. ' and B,B' may be explained by the
intexacting scheme, and our Ce results will sup-
pox't this interpretation. The splitting AA' and
BJ3' does not appear to be due to a mixture of pux'e
meta, l and oxide, since the splitting appears simul-
taneously with the filling in of the high-energy
minimum of Flg. 2. Also, the x'elative intensity of
the two components is a,lways the same, and the
peaks for the oxide are shifted to about 0.5-eV
higher enexgy. We xule out. tile possibility of Ce
impurities for our peak D at 120.5 eV. As will be
seen latex', the main peak in the X~ 5 SXAPS for
Ce occurs at 120 eV. Peak D too might result
from the final configuration 4d'4 f' in La which is
a Ce-like state. We would expect the 4d'4f' con-
figuration of I a to be slightly less bound.
In the contaminated-film spectrum of Fig. 2, the
two low-energy peaks are observed without split-
ting. The threshold has shifted to higher energy,
96.3 eV, and two peaks occur at 102.9 eV {hE
=4.7 eV) and 107.6 eV. The main peak C is con-
siderably sharper in this case. Nilsson et aL."
attribute a similar narrowing for the case of Ba
to the loss of outer charges to oxygen atoms.
f f f f f
840 850
ENERGY (BV)
860 870
FIG. 5. SXAPS for the La M4 5 region: (a) fresh film;
(b) from an early evaporation. For these spectra we hadj=1.0& 10 3 A/cm2, 0.5 V modulation amplitude, v=1
sec. The dashed lines are atomic binding energies, ~~
the upper arrows are XPS peak positions, 3~ and the
lower arrows mark SXA peak positions. 52 (c) Film like
that of (a) held 30 min at 10 7 Zorr before measurement.
Noise is about the width of the line„
B. La N4 5 I'Cglon
In Fig. 5 we show an expanded plot of the 3), ,
SXAPS of La. Curve (a) represents the clean ma-
terial and curve (b) the contaminated surface. The
main features of curve (a) in Fig. 5 are the two
strong, dispex sionlike structures crossing zero at
837.5 and 854 eV, respectively, which we associ-
ate with the excitation of the h), and M states.
These structures correspond to the energy deriva-
tive of two peaks, easily detectable in the total
yield spectrum. Qn the low-encl gy s1de of each
structure there is a pronounced shoulder at 834
and 850 eV and a steplike threshold can be seen at
829.8 eV. The asymmetry in the negative portion
of each feature in curve (a) may be due to oxide or
other contaminating surface compounds. This is
more evident in curve (c), which was obtained
from film (a) after being held at 10 ' Torr for 30
min. The negative asymmetry has now developed
into a siloUMel", which corresponds with the nega-
tive peak in curve (b). Murthy and Redhead' ob-
served a negative peak here, which we believe
represents a larger concentration of oxide." The
chemical shift between the clean material and the
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FIG. 6. Comparison of SXAPS Inodel calculations with
experiment (so],id curve) for the La M4 5 region. The
dashed curve shows dn/dE using the data of Ref. 52
while the lower curve shows the self-convolution of e
using Kq. (2).
oxide is 2.5 eV, in agreement with x-ray photo-
emission data. "
Figure 6 shows the M4, SXAPS spectrum of La,
compared with the derivative of the absorption-
coefficient spectrum" and with the SXAPS calcu-
lated using Eq. (2), with the threshold energy E,
set at the onset of structure in z. Qther values of
E, did not improve the agreement.
We have already discussed the role of exchange
in the 4d-4 f transitions for the rare earths.
Sugar" has performed an analogous calculation for
the 3d core excitations. Since the exchange inter-
action is weaker here, the spin-orbit splitting
dominates the spectrum. The results of the calcu-
lation agree quite mell with the observed photoab-
sorption" so we rely again on this final-state
interaction picture. The absorption data" show a
weak peak at 830 eV, fo11owed by a strong peak at
834.9 eV in the 1Vi, region. The M4 region has one
strong peak at 850.9 eV. The x-ray emission
data'4 "show two strong lines at the same ener-
gies as the main absorption peaks. This implies
again an atomiclike picture. The excited state has
such a long lifetime that the excited electron de-
cays directly into the core hole.
As noted previously, the SXAPS spectrum has
the same behavior as SXA: two main features,
pond'ng to the exc~tat~on of the Dx and P,
states, and the small step at 829.8 eV, which we
assign to the excitation threshold of the 'P, state.
In Sec. IIIA on the N4, SXAPS of La me discussed
several models that are necessary to interpret the
data. Some features could be related to dc//dE,
others to the tmo-density-of-states model, and
others to the interaction model. In the M4, region
it seems that none of these is appropriate. Con-
sider only the M, threshold, the M4 being similar
to it. The spectrum of dc//dE is 2.7 eV lower than
the main structure (Fig. 6). The two-density-of-
states calculation gives the proper line shape, but
shifted by about 2.5 eV to higher energies. Finally,
the self-convolution model, EII. (2), gives too much
structure (Fig. 6).
Qur spectrum is very similar to the 34, spectrum
of Ba,' which is formed by a weak step followed by
a dispersionlike structure some 6 eV to higher en-
ergy. The step mas interpreted as the excitation
threshold for the Sd-4f transitions, and the next
structure as arising from a resonant scattering of
the incident electron to form a negative-ion bound
state with one 3d core hole and two 4f electrons.
Applying the same picture to La, the shoulder at
834 eV thus corresponds to the excitation energy
of the 'D, state and its energy is in good agreement
with the absorption and emission line energies of
834.9 eV. The 4f states are more bound in La
than in Ba. The resonant effect is expected to oc-
cur at lomer energies, as me observe. Wendin"
also suggested that the SXAPS structure of Ba may
be more a result of a resonance in the continuum
background radiation than of an increase in the
characteristic soft x rays. Strong support for this
suggestion exists for La, where bremsstrahlung
isochromat spectra have been measured by Lie-
feld et, al."as the projectile electron energy
sweeps across the M, excitation energy E . When
the electron energy E, is far above or below E,
the isochromat spectrum shows a peak A at about
6 eV below E„ interpreted as due to a preferen-
tial scattering of the projectile electron into 4f
states. As soon as E,-E, a second peak at the
fixed energy E starts to develop, indicating that
the 1Vi, state is being excited. Its intensity in-
creases as E, increases, reaching a maximum
for E„-E, and then decreases very slowly. This
is in agreement with the predictions of the tmo-
density-of-states model. But a second effect takes
place simultaneously, which seems to dominate the
SXAPS. The peak A in the bremsstrahlung
increases enormously when E,&E, up to a maxi-
mum at E,-3 eV in excess of E, then decreases
again. " Strong resonances in the elastic scatter-
ing cross section of electrons are mell knomn for
atoms just belom the excitation energy for certain
levels. " It seems that we have a somewhat sim-
ilar phenomenon. The integrated area of the iso-
chromat spectrum measured by Liefeld et al."
must be proportional to the total yield for La as a
function of the incident electron energy. This cal-
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TABLE I. Tentative interpretation of the fine-structure
region in the N& & SXAPS spectruxn of Ce.
SXA'
peaks (eV)
101.25
103.48
104.56
105.77
106.06
106.58
108.06
108.93
109.70
110.36
ll 1,52
101
103,1
104.5 (S) '
105.5
106.3 {8)
107.8
109.8
111,2
103.2
105.0
106.3 (9)
107.2
1.95
1.74
1.43
2.2
1.9
1.8
1.7
108.2 (5) 1.62 1.9
110 1.94 2.2
112.6
113.7 ($)
2.24
2.18
Total average ~
Partial average ~
1.8
1.9
Data from Ref. 31~
~~ is the energy difference between the SXA (der/dE)
and the SXAPS peak positions.
~See Ref. 38 for letter designation and Ref. 39 for spec-
tral term designation.
dS, shoulder.
Total average ~ is the average of. all. eight values.
Partial average ~ is the average of peak values only.
in ~, and then comparing to the SXAPS results, a
tentative assignment can be made. This has been
done lD TRble I. The conclUsloQ 16Rched ls thRt
the peaks in SXAPS lie about 2.1 6V above their
corresponding optlcRl pRx'tnex"s ln de 6E. This
correspondence hRs been made on the assumption
that SXAPS peaks should lie above the optical
peaks, as for LR, since the SXA data indicate that
such an analysis might apply to all rare-earth
metals. Since several. of the weaker shoulders iQ
the SXAPS spectrum also fit into this scheme, we
feel that improved energy resolution in SXAPS
will reveal additional structure. To eliminate pos-
sible doubts regarding the assignments 1D TRble I,
we have averaged the ~E values both with and with-
out the weak structures, indicated by an ~. The
difference in both eases is only 0.1 eV in average
sepax'Rtion. PRrt of the lndlvlduRl devlRtloQs fl om
the average values reflects the sharpness of the
peaks in SXA and the broadening used for de//dE.
For example, with 1-eV broadening the three peaks
corresponding to G, K, and I for dot/dE begin to
merge into one peak at 109.5 6V.
We are left with the principal failure of the
do. /dZ curve in predicting the main SXAPS peak
at 120.1 eV. We have noted that no bump analo-
gous to peak D ln t e I.a spectrum occurred for
Ce. The good agreement for La between the main
peak in da//dE Rnd the main SXAPS peak leads one
to suspect that the main Ce SXAPS peak results . CeN45 region
IQ Fig. 10 me show the M4 . region of the Ce
SXAPS. The top curve is for a, fresh film at 3
x 10 ' Torx. The middle curve is from an early
evRpox'Rtlon Rnd shows R deflQlte asymmetry ln
the negative peak, which may be attributed to the
appearance of an additional shoulder in the total
yield at slightly higher energy. In the lomer
curve of Fig. 10 we show the spectrum of a clean
Ce Ngs
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FIG. 9. Comparison of the Ce N4 & SXAPS spectrum
(solid curve) pith the two-density-of-states model cal-
culation (dashed curve),
from tmo peaks which Rre not resolved, one near
118.5 eV and a second at about 2-eV higher energy.
However, me expect to be able to resolve such a
pair. Even the second-harmonic spectrum reveals
only a slight change of slope in the region of the
main peak. An alternative explanation is provided
by the interacting electron picture discussed earli-
er for La. %'e assume that peak D in LR corre-
sponds to the case where both the excited core
electron and incident electron occupy 4f orbitals
Ofk PAe sQwe excited loH. This coQflgux'Rtlon ls
44'4f'. The corresponding configuration in Ce is
4d'4 f'. lt may be that this configuration with an
unpaired 4f electron is not bound by the Ce ion
potential, Then the Doninteracting picture mill
prevail and no satellite peak mould result. It is
impossible to correlate this picture with an ob-
servRtlon of fine spllttlDg Rs mRs done fol" the sub-
threshold multiplets in LR.
We Rlso hRve pelfol med R convolution bRsed on
the two-density-of-states model, Eq. (3), using
the isochromat data of Chamberlain et r~l." and
the Rbsox'ptlon coefflclent datR Gf HRensel cE Ql
The results Rl 6 Shown ln Flg. 9. Above threshold,
as for La, the agreement is not exact. Below
threshold, the results do not resemble the multi-
plet structux"e observed and show, instead, some-
thing resembling a doublet.
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FIG. 10. SXAPS for the M4 5 region of Ce. The dashed
vertical lines mark the atomic core binding energies, 2
and the arrows pointing dorm mark the XPS peak posi-
tions. The lower arrows show the peak posltlons for
absorption measurements. 2 The noise is about the width
of the line.
film exposed to oxygen at a pressure of 10 ' Torr
for about 1 h. The spectrum is similar to tha. t for
clean Ce with the exception of the additional struc-
ture in the negative portion of both the M, and M4
peaks. The first group of structures in each spec-
trum corresponds to the excitation of the 3d,&,
level, the second to the excitation of the Sd,
~,
level, similar to La. The SXA spectrum of Ce
differs max'kedly from that of its oxides" but
multiplet structures are present in both. On the
other hRnd, the emission spectx'R of Fisher RQd
Baun" show only two lines, at 880.4 and 889.1 eV.
Chambex lain et al." studied the isochx omat
bremsstrahlung spectrum of Ce, sweeping across
the M4, region with the projectile electxon energy.
They found the same results as for La, i.e., a
strong enhancement of the bremsstrahlung peak
when the characteristic soft x-ray line begins to
appear. Harte et a/, ' have calculated the SXAPS
for Ce from the data of Chamberlain et al. ,22 ob-
taining good agreement with the experimental spec-
trum. We thus are facing the same resonance ef-
fect, discussed for the M4, spectrum of La. This
gives a peak in the total yield (and thus a disper-
sionlike featuxe in the SXAPS) at 883.0 and 901.0
eV fox' the k1, and h)4 regions, respectively. Due
to the complexity of the expected multiplet struc-
ture, it is not possible to obtain the same neat pic-
ture as for La in associating SXAPS structux'es
with SXA stxuctures. Chamberlain et a/."found
that the M, and M4 lines started to appeax at elec-
tron energies" of -881 and -897 eV, respectively.
These two values are in fair agreement with the
two threshold enexgies we observe at 877.5 and
895.5 eV.
Further discussion of the Ce M4, region does not
seem possible at this time. In La, the M4, SXA
and emission spectra were identical in shape, but
for Ce there is a. discrepancy, there being more,
or less, lines in the absorption spectrum" tha, n in
the emission spectrum. " This is probably an arti-
fact of the energy of the electron used to excite the
emission spectrum, since there are bremsstrahlung
lesonRnces when lt ls QeRx' the M4 5 x'esonRnce en-
ergy. Self-absorption effects may also play a role.
As with the La M4, region, the Ce M4, SXAPS is
not fit closely by u, da/dE, or the self-convolu-
tion model using n. The SXAPS and du/dE spectra
have an equa, l number of peaks, so, unlike La, the
interacting px'ojectile electron may not be bound in
Ce when exciting the M4, electrons. This sugges-
tion was also made for the Ce X4, excitations.
The atomic configuration for Ce is (Xe)4f5d6s'.
The ion in the metal is thought to contain one 4f
electron. However, Ce also has a tetravalent
state" in which the single f electron also is lost.
Thus we have two oxides for Ce, Ce.,o„as for La,
and CeO, . This additional complexity for Ce has
revealed itself in much of the experimental data.
For example, only Ce of all the light rare earths,
shows major changes in its absorption spectrum
when exposed to air. '6'" The studies of Fishex' and
Baun" revealed no such changes for Ce but they
did occur for 7b, which also has two different
valence states. Due to the vacuum conditions fox'
many of these measurements it is quite possible
that these changes reflect the difference between
CeQ, and Ce, Q, rather than between metal and
oxide.
The SXAPS spectrum of Ce exposed to oxygen
(Fig. 10) is similar to that for clean Ce with the
exception of the additional structure in the negative
portion of both the M, and M4 peaks. The arrows
at the bottom of the figure mark the peak positions
in the absorption data of Bonnelle et al."for Ce
exposed to air. They attribute this rearrangement
of peaks to the fox"mation of CeO, . Our oxide spec-
tra do not show the additional peak which they ob-
serve at 905.6 eV and, furthermore, the weak
structures below each main peak still resemble the
clean Ce spectrum. We conclude that the additional
two small peaks may instead signal the formation
of Ce, O, on the sux'face. Such an interpretation
seems somewhat speculative but there is evidence
that the oxidation px"ocess for Ce may depend on the
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oxygen exposures involved. "
We use the N, , region as a guide. After the
heavy exposure to oxygen, the N», region (Fig. '7)
still show'ed the five peaks belom threshold which
are indicative of the tripositive Ce ion. We con-
clude that the exposure to Q., led to the formation
of Ce, Q, mhieh, if quite protective and thin, may
have allowed the incident electron to probe both
oxide and elean metal. This mould imply that the
px oteetive layer is at most a few monolayers thick.
Another possible explanation is that we have a very
small concentration of CeQ, in a matrix of Ce, Q, .
The CeQ, ions have the slightly larger binding en-
ex gy due to reduced outer shieMing. The situation
hex'e 18 Qot mell uQdex'stood, homevel, since Su-
zuki et al." suggest that Ce, Q, resulted when Ce
was exposed to aix. Their XPS spectra in the re-
gion of 4d excitations had similar features for this
oxide and for CeF, which differed from their CeQ,
spectra. This suggests, in agreement with our
data, that Ce, Q, is the more stable phase for large
exposures. Note that another oxide of Ce, CeQ, has
been detected.
An appendix discusses spectra of Ce that appear
to arise from Ce" ions in Ce metal rather than
CeQ, .
The SXAPS spectra of the 3d and 4d states in La
and Ce do not fit one-electron. models and give little
information about the density of empty states above
the Fermi I evel. The M, , and&, , SXAPS can be
explained qualitatively mith the tmo-density-of-
states model of Wendin, along mith x-ray absoxp-
tion data, except for the extra splitting in the N, ,
spectrum of La and a shape discrepancy in the
X~, spectrum of Ce. The former can be explained
qualitatively by allowing the projectile electron to
be localized on the excited ion.
Effects of contamination have been observed, but
a simultaneous study of what the eontaminants are
is needed. The correlation of SXAPS with SXA and
x-ray emission data has been pointed out, but some
problems remain. Little of the x-ray work was
done in the requisite ultrahigh vacuum and there
are some discrepancies in the spectra recorded by
different investigators. " Soft x-ray absorption and
emission spectra on vex y clean metal, as well as
on an oxide or fluoride, should be repeated, mith
auxiliary measurements made to monitor sample
decomposition fl om the electron beam. A number
of the incomplete explanations w'e have given in-
volve dicIcrepancies in other spectra, and unknown
calculat&d quantities, usually involving binding
eQe x'gles.
We recently became amare of the SXAPS work of
Chamberlain and Baun" on Ce. Qur results are in
good agreement with their reported spectra, apart
from some minor 11Qe-shape dlscI'epancles 1Q the
N, , spectra. Qur Ce M, , spectra closely resem-
ble theix results fox short "beam-on" times and
suggest that their observed line-shape changes,
w hich mere attributed to beam-induced annealing,
may be due to other time-dependent effects. Also,
our interpretation suggests that the extra electron
may not be bound on the excited Ce ion, contrary
to the interpretation of Chamberlain and Baun.
Kanski et a/. "have recently studied the I, ex-
citation spectra by SXAPS, x-ray excited electron
A PS, and x-ray photoelectron spectroscopy.
Their SXAPS spectrum are similar to ours except
that the shoulder at 834 eV is better resolved in
their spectrum. They discuss the role of the rest
of the system on the excitation energy to 4f states
in La, showing that all speetroseopies "overesti-
mate" the position of these states above E~, but
by varying amounts,
APPENDIX: Ce ~tv)
As mentioned earlier, the 4f orbital of Ce is
just sufficiently bound to make the Ce ion trivalent.
Vickery" points out that of all the lanthanides, Ce
is the only one which can give rise to a stable 4+
lon. He suggests that lt 1s no more diff lcult to re-
move the 4f electron than it is to remove the 5d
or 6s electrons. During our study of Ce it became
evident that for a short time, at least, the surface
of our film consisted of Ce ' lons. The eondltlons
which prompted this valency change are not clear.
Three evaporations had been made and the Ã4,
spectra x'ecorded after each consistently showed
the five peaks below threshold as discussed above.
The fourth evaporation yielded spectra like the
dashed curve shown in Fig. 11. The pressure dur-
ing evaporation did not rise above 9& 10 9 Torr,
and dropped immediately thereafter to 1.5X10 "
Torr. This process mas repeated three more
times and each film showed this same spectrum.
The main peak is not shifted, but the high-energy
side seems broader, with a weak feature around
130 eV. Moreover, the structure below thxeshold
now appears as a doublet, mith some weaker
shoulders. The threshold is still in agreement
with the earlier Ce data.
A scan of the N~, region after the seventh evap-
oration resulted in the bottom curve of Fig. 12.
The M~, peaks show nem splitting of unequal inten-
sity. At this time the higher-energy peak at 883.7
eV was the strongex of the two M, features. This
film was held at a base pressure of 1&10 '0 Torr
for several hours. The system was then turned on
again and both the N, , and M, , regions still
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FIG. 11. N4 & SXAPS for tetravalent Ce (dashed curve).
The solid curves show the N4 s spectra for La and tri-
valent Ce metal.
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FIG. 12. Series of spectra obtained for the Ce M4 &
region during the transition from tetravalent to tri-
valent Ce. The numbers on the right indicate the film
from which each spectrum was obtained, relative to the
third evaporation (bottom curve).
showed the new structure. A series of evapora-
tions was then made as indicated by the curves of
Fig. 12 and the intensities of the new second peaks
gradually reduced~ reverting to the original M4 &
spectrum shown earlier. At the same time the
~%4, spectrum returned to its original form, with
five peaks below threshold. This sequence was
originally thought to represent a mixture of Ce, Q,
and Ce metal. The fairly close resemblance of the
E4, spectra of La and this series of Ce runs
(Fig. 11) leads us to conclude that the Ce film dur-
ing these runs consisted of Ce4' ions, i.e., an ion
like La" but with an extra nuclear charge. The
entire sequence of Fig. 12 covers a period of about
10 h. Each individual spectrum was reproducible
and only a new evaporation caused the intensity
changes. We emphasize that at all times other
than during evaporation, our working pressur e
was below 5&10 "Torr. We conclude then that
the films represent metallic Ce rather than oxide.
This idea is supported by the N~, region (Fig. 11)
which shows a broad main peak without the high-
energy minimum which is characteristic of the
contaminated films (Fig. 7). We observed this
same transformation of the Ce N4, fine structure
in an earlier study using a different piece of Ce,
but cut from the same batch as the present evap-
orant.
The SXA data of Haensel eI, aI.3S lend further
support to the La-like configuration for Ce. Theix
results for Ce oxide show two peaks, at 103.45 and
108.21 eV, with some weaker structure. We as-
sume that this represents CeQ, . Their data give
peaks for du/dP. at 103.2 and 107.9 eV. The low-
energy SXAPS peaks are at 105.2, 106.7, 110.6,
and 111.8 eV. The separations ~E of the SXAPS
peaks from the da/dE peaks are 2.4 and 3.7 eV.
This same quantity for La" was 4.4 and 5.8 eV,
respectively The em. pty 4f states in Ce'+ appear
to be slightly further above the ionization thresh-
old than are the 4f states in Ce", which is what
we expect. Also, the 4f states in Ce" are pulled
down towards the threshold level relative to those
of La", as expected, due to the extra nuclear
charge in Ce".
The splitting of the M4, peaks in Fig. 12 is 1.6
eV. For the CeQ, data of Bonnelle et al. ," the
shift upon oxidation is about 1.8 eV for the main
N, peak and 2.4 eV for the M4 peak, slightly
greater than our splitting of 1.6 eV for the J|I4 and
M, doublets. (Note in Fig. 10, we see no shift
upon expos ing Ce to Q, .)
The data prese nted here strongly sug gest that we
had for some time Ce4' ions in a metallic state.
We cannot state with confidence the reason for this
valency change nor can. we rule out the existence
of CeO, . One possible explanation is that the 4f
orbital is emptied due to the elevated sample tem-
perature. Habermann and Daane87 have suggested
this depopulation as a possible cause for the unus-
ually high heat of sublimation for Ce. The argu-
ment is that above room temperature, the 4f elec-
tron is thermally excited into the conduction band.
If a d-symmetry orbital is occupied, the cohesive
energy mould be increased relative to that of La as
is experimentally observed. We do not know the
substrate temperature in our experiment, but it is
certainly well above room temperature due to the
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nearby tungsten filament and to electron beam
heating. However, these conditions were not al-
tered much during the Ce runs and another expla-
nation is px obably needed. It may be a specific
surface effect. Ce should be further studied using
a heated substrate in conjunction with Auger analy-
sis to determine whether the surface represents
metallic Ce~' or Ceo, .
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